A new simple method for non-invasive cell culture viability monitoring based on vital fluorescent stains is introduced, and its efficiency for long-term experiments on cells is demonstrated. In contrast to common methods for cell viability control, which are usually either destructive (like flow-type counters or dead cells coloring and counting), or hardly quantitative like fluorescent microscopy, the method described is automated, does not require the removal of cells from their growth area and is sensitive enough to deal with as low as tens of cells.
Introduction
Human-on-a-chip systems are a new and interesting way of substance testing, and are already widely used. 1 The use of such systems for non-invasive automated cell viability monitoring is especially interesting, because lots of routine human work can be eliminated when working with multiple cell cultures and substances. Most commonly, investigated cells are placed aer some preparation into a closed-cycle media circulation system, where they live for a rather long time, like days and weeks. In the usual tasks, like substance testing, for human-on-a-chip systems it is very important to know the state of the cells with minimal possible inuence on them.
A broad range of commercial vital stains for all visible and near-visible spectra is available for cell visualization using a uorescent microscope: being membrane-permeable and almost non-uorescent, they selectively bind to certain parts of the cell and become uorescent or converted to an active state during some metabolic process and are retained inside the cell even aer division.
2,3 Another common way for making cells visible is using GFP-transfected cells, which usually provides more stable uorescent signals because the concentration of the stain within the cells remains almost constant. 4, 5 However, transfected cells are sometimes avoided because of the unpredictable inuence of the modication to the results of the experiment. Cells that die aer dye activation can provide an unwanted uorescence background for rather a long time aer death. The use of a second dye of another color, which is selective for necrosis or apoptosis, usually solves this problem.
Another solution to the problem appears when medium around the cells ows and its volume is much larger than the volume of the cells: then the uorescent molecules from the dead cells gradually leaves the area of interest with a ow of liquid. In human-on-a-chip systems the latter condition is well suited and therefore the uorescent signal measured can be considered proportional to the live cell count. 6 If one knows the initial cell count, one can use it as a calibration point and nd out the cell count at any time by comparing the current and initial uo-rescence intensity.
The developed system is based on the advantages of uo-rescent vital dyes, making use of them for non-invasive automated counting by adding a registration system consisting of a CCD-spectrometer, pump laser and a common ber bundle for light delivery from laser to sample and collection of light from sample to spectrometer. Fiber probes are known to be very effective for low-light applications like uorescence [7] [8] [9] and give the registration system lots of versatility.
Experimental

Cell cultivation and preparation
Three types of cells were used during the experiments: ER-Tracker Green (Invitrogen) stained human broblasts; ER-Tracker Green stained HaCaT and EGFP expressing HEK293. Postnatal human broblasts were obtained from skin biopsies taken during facial plastic operations. Transfected HEK293 were provided by the Laboratory of Biophotonics of the Institute of Bioorganic Chemistry, Moscow. Cells were maintained in Dulbecco's Modied Eagle's Medium (DMEM) supplemented with 10% (v/v) heat inactivated fetal calf serum at 37 C in a humidied atmosphere of 5% CO 2 in air. 1% antibiotic solution (100 U mL À1 penicillin, 100 mg mL À1 streptomycin; GIBCO Invitrogen) was also added to the medium. Cultures were dissociated with 0.05% trypsin-0.02% EDTA. Cells were seeded in Transwell permeable supports (Corning, USA) in 200 mL of growth medium DMEM. Staining with ER-Tracker was done in accordance with the manufacturer's protocol with 1 mM nal working concentration of dye.
Experimental setup
In all the experiments the cells were cultivated inside a Homunculus human-on-a-chip system 1 (SRC Bioclinicum, Moscow, Russia) ( Fig. 1) , where they were grown on a Transwell support inside a closed-cycle media circulation biochip. The construction of the biochip allows cells to be clearly visible from the bottom of it, where only a glass slide, a Transwell membrane (transparent in water) and about 200 mm layer of medium separate the cells from the observer.
A custom Y-shaped ber bundle of 1 meter total length was produced by A.R.T Photonics GmbH (Berlin, Germany) and consisted of 19 NIR 300/330/360 bers, which were tightly packed on the sample side of the bundle and split into two SMA connectors with 18 and 1 bers on the other sides for the spectrometer and pump laser respectively. A 50 mW 473 nm DPSS laser (Lasever, Ningbo, China) was chosen for uores-cence excitation of the green dyes, most of which have an absorption maximum near 500 nm. For uorescence signal collection, a CCS100 CCD-spectrometer (Thorlabs, Newton, NJ, USA) was used with an additional 515 nm longpass color glass lter (Thorlabs, Newton, NJ, USA) at the input port for rejection of pump laser radiation reected from the sample (Fig. 2) .
For minimal photobleaching and elimination of uores-cence intensity dependence on time, the pulsed laser mode was used. Pulses of 200 ms with 50 mW laser power were found suitable for all cell counts observed. This intensity is even enough for measurements carried out in moderate daylight conditions, i.e. a dark room or chamber is not required. However, it may be useful to get rid of external light when working with low numbers of cells. Laser pulses were electrically synchronized to the spectrometer signal collection and were triggered manually.
The diameter of the Transwell inserts membranes we used was 4.26 mm, and the numerical aperture of the bers was 0.20, therefore the optimal distance from the ber bundle end to the cell growth area for its full coverage was around 10 mm.
Fluorescent measurements
First, the systems sensitivity was measured. Starting from 10 000 stained HaCaT cells in a 96-well plate well, spectra were recorded for the consequent amount of cells divided by 2 in 10 iterations, ending that way at about 10 cells in a well. This experiment was repeated 3 times independently with new cells and the average results were determined.
Then a long-term 2-week experiment was performed with broblasts. 100 000 cells were placed into each of 9 Transwells, 3 of which were used as a rst control group to count the initial amount of cells that seeded successfully. Then 3 of the remaining Transwells with cells were stained with ER-Tracker and the last 3 Transwells were le unstained as a second control group to nd out if staining or uorescent measurements affect cell viability. Aer that both the stained and unstained cells were put into Homunculus biochips and cultivated in CO 2 incubator for 14 days. Every day the cell medium was replaced with a fresh one and uorescent measurements of the stained cells were performed.
In all the experiments the background spectra were recorded from non-uorescent cells under the same conditions.
Cell imaging
HEK293 cells were imaged at 48 hours aer seeding on a Carl Zeiss AxioObserver Z1 microscope with a LD "Plan-Neouar" 20Â/0.4 objective, using Filter set 10 shi free (EX BP 450-490, BS FT 510, EM BP 515-565). Images were captured with a High Resolution Microscopy Camera AxioCam MRm and analyzed using ZEN soware (Carl Zeiss, Jena, Germany).
ER-Tracker stained HaCaT cells and broblasts were imaged immediately aer staining using the same equipment. were added to the microplate wells seeded with cells. Following 4 hours incubation at 37 C in a humidied atmosphere of 5% CO 2 in air, the MTT solution was removed. The deposited blue formazan was dissolved with 200 mL of dimethyl sulfoxide (Sigma, USA). The absorbance of the solutions in the wells was measured with a plate spectrophotometer using a test wavelength of 570 nm and a reference wavelength of 630 nm.
Data analysis
Aer acquisition each uorescence spectrum was normalized to the corresponding background spectrum. Normalization was done so that the average intensities of the signal and background in the 700-740 nm interval became equal, because their difference can only be caused by optical alignment variation. Then the background spectrum was substracted from the uorescence spectrum. The integral of resulting uorescence spectrum in a wavelength interval corresponding to stain (490-690 nm) was calculated.
A python program was written for full-cycle data processing from the acquisition of spectra for raw samples to whole longterm experiment cell viability dynamics plotting.
Results and discussion
Registered spectra from all of the uorescent cells were recorded and compared ( Fig. 3 and 4) . As expected, there was no principal difference between HaCaT and broblasts with the same dye, but the spectrum was different for EGFP-expressing HEK293 cells. Because of the 515 nm long pass lter used for uorescence detection the measured spectra were shied to the red region in comparison to the ones known from the literature. 10 The uorescence of the cells was also conrmed by uorescence microscopy (Fig. 4) .
A sensitivity test demonstrated (Fig. 5 ) that about 100 cells could be reliably detected by the system under the conditions described. Also the system showed perfect linearity of the measured signal dependency on cell count (R 2 ¼ 0.9998 for linear t). The typical dispersion of measurements was around 2%. Some easy improvements may be done to the system sensitivity for it to work with a lower number of cells, like use of a larger aperture spectrometer, longer acquisition times or elimination of background light. In order to ensure the reliability of the developed method a traditional MTT approach was done to dene the number of living cells. The signal was linearly proportional to the number of cells in the range from 10 000 to 200 cells (data not shown). Our results indicate that the developed non-invasive cell culture viability monitoring method is as sensitive as the traditional MTT test and is capable of detecting very small numbers of viable cells.
In a 2-week experiment (Fig. 6 ) the gradual decrease of uorescent signal was explained by the reduction of the total stain amount by dead cells and a moderate supply of nutrients. Cells were counted on the rst day of the experiment in the rst control group and on the last day in the second control group and in the uorescent group with a cell counting chamber method, and the numbers were 95 000 AE 3 000, 72 000 AE 3 000 and 74 000 AE 4 000 respectively, which correlates well with the 77% ratio of the initial to nal cell counts (Fig. 6 ) detected by the system developed. Also the numbers for the second control group and the uorescent group proved the assumption that staining and uorescent measurements do not affect cell viability.
Conclusion
A simple and highly sensitive system for automated cell viability monitoring was developed and successfully applied in a humanon-a-chip system. It is very exible and can be adapted to various applications due to the broad range of available uo-rescent markers, spectral devices, light sources and ber solutions.
